Stimulation of regulated secretory cells promotes protein release via the fusion of cytoplasmic storage vesicles with the plasma membrane. In Tetrahymena thermophila, brief exposure to secretagogue results in synchronous fusion of the entire set of docked dense-core granules with the plasma membrane. We show that stimulation is followed by rapid new dense-core granule synthesis involving gene induction. Two genes encoding granule matrix proteins, GRL1 and GRL4, are shown to undergo induction following stimulation, resulting in Ϸ10-fold message accumulation within 1 h. The mechanism of induction involves transcriptional regulation, and the upstream region of GRL1 functions in vivo as an inducible promoter in a heterologous reporter construct using the gene encoding green f luorescent protein. Taking advantage of the characterized exocytosis (exo ؊ ) mutants available in this system, we asked whether the signals for regranulation were generated directly by the initial stimulation, or whether downstream events were required for transcription activation. Three mutants, with defects at three distinct stages in the regulated secretory pathway, failed to show induction of GRL1 and GRL4 after exposure to secretagogue. These results argue that regranulation depends upon signals generated by the final steps in exocytosis.
Endocrine, exocrine, and neuronal cells, as well as numerous unicellular eukaryotes, can secrete proteins rapidly from dense-core granules (DCGs) in response to extracellular stimulation, a phenomenon called regulated exocytosis (1) . Upon cell stimulation, fusion of the vesicle and plasma membranes results in release of the vesicle contents (2) . Stimulation also promotes synthesis of new DCGs to replace the secreted set (see references in ref. 3) . Since the extent of secretion can be graded to the degree of stimulation, the signals that direct regranulation must be similarly graded. This is suggested by the fact that brief stimulation of pancreatic ␤ cells augments insulin synthesis primarily via translation initiation, whereas prolonged stimulation increases insulin synthesis through transcription (reviewed in ref. 4 ). In addition, unidentified signals during regranulation can potentially modulate the composition of the new granules (5, 6) . Though the mechanistic details are unknown, these phenomena suggest that regulation of exocytotic recovery can serve as an important element of an adaptable secretory response (7) .
What is the relationship between the secretagoguegenerated signals that promote membrane fusion and postexocytotic events? In principle, identical signals could trigger both pathways. For example, localized elevation of cytosolic calcium can trigger membrane fusion (8) as well as activate transcription factors (9, 10) . Furthermore, the targets of transcriptional activation can be specified by the subcellular localization of calcium (11) . Alternatively, signals directing postexocytotic recovery may be generated in whole or in part by events related directly to membrane fusion. For example, cytoskeletal rearrangement can regulate granule fusion (12, 13) as well as gene expression (14, 15) . These two models make distinct predictions regarding whether postexocytotic events might be induced in the absence of membrane fusion. In the first model, but not the second, stimulation of cells that are blocked in fusion could still promote post-exocytotic events. Such uncoupling has been observed in pancreatic ␤ cells under conditions in which glucose-stimulated insulin release is inhibited by chelation of extracellular calcium (16) or somatostatin treatment (17) . Under these conditions, glucose addition can still stimulate insulin synthesis.
We have examined coupling in a system where exocytotic inhibition is achieved via genetic lesion, using mutants in the unicellular ciliate Tetrahymena thermophila. Tetrahymena possess DCGs with features of neuroendocrine granules (18) , and Ϸ99% of these granules fuse within seconds upon stimulation (19) . Ciliates are genetically tractable, and numerous exocytosis mutants have been characterized in both Tetrahymena (20) (21) (22) and in Paramecium (23) . Efficient transformation also makes Tetrahymena amenable to molecular genetic approaches (24) (25) (26) .
In this paper, we examine the stimulation of DCG synthesis following exocytosis in Tetrahymena. The expression levels of two granule protein genes serve as markers for DCG biosynthesis. GRL1 encodes an abundant DCG acidic calciumbinding protein that plays an essential role in organization of the DCG matrix, as shown by gene disruption (27) . GRL4 encodes a second abundant protein in the granule matrix. Both genes are transcriptionally activated during a period of DCG regeneration. We looked for uncoupling between the stimulatory signals leading to exocytosis and transcriptional activation in three mutants with defects at distinct stages in the regulated secretory pathway.
MATERIALS AND METHODS
Cells and Cell Culture. T. thermophila strains are designated by their micronuclear diploid genotype, followed by their macronuclear-determined phenotype (28 Gene nomenclature and cell culture have been described (27) . Transformed strains were grown in 1% proteose peptone, 0.2% dextrose, 0.1% yeast extract, 0.003% ferric EDTA, and 120 g͞ml paromomycin sulfate. Exocytosis Stimulation and Recovery. Exocytosis was triggered using Alcian blue 8GX (Sigma) (19) . Growing cultures (400 ml at 1.5-2 ϫ 10 5 cells͞ml) were pelleted in 50 ml conical tubes (Ϸ810 ϫ g, 45 s) washed once and starved in DMC (0.1 mM Na 2 HPO 4 ͞0.1 mM NaH 2 PO 4 ͞0.65 mM CaCl 2 ͞0.1 mM MgCl 2 ͞0.2 mM sodium citrate, pH 7.1) (21) for 16 h at room temperature with shaking. The resulting starved cultures were approximately twice the density of the starting culture. Aliquots (50 ml) of starved cells were stimulated as follows. Cells were pelleted as above and resuspended at 10% initial volume. Alcian blue (2%) was added to 0.05% and mixed by tube inversion. The mixture was diluted immediately with 9 volumes of 0.25% proteose peptone, 0.5 mM CaCl 2 . Cells were washed once in DMC and resuspended for recovery in DMC at room temperature with shaking. Most importantly, cells remained active throughout the stimulation and recovery period.
Cloning of GRL4 Partial cDNA. Secreted protein was purified from a dibucaine-stimulated culture as described (27) , fractionated by SDS͞PAGE (31) , and transferred to polyvinylidene difluoride (Bio-Rad). A Coomassie blue-staining band of MW a Ϸ 20 kDa, named Grl4p, was excised and yielded the amino-terminal sequence FDEQR LAEVISKLQ-TIQAAIQASYIED (Protein Chemistry Laboratory, Washington University).
Based on known codon usage in T. thermophila (32) (M. Gorovsky, University of Rochester, personal communication), degenerate primers were used to amplify by PCR a portion of the GRL4 coding sequence from a T. thermophila gt10 cDNA library provided by Tohru Takemasa (University of Tsukuba, Japan). The forward primer 5Ј-GAA (C͞T)A (A͞G)AGA (C͞T)T (A͞G͞C͞T)GC (C͞T)GAAGT-3Ј corresponded to polypeptide residues 3-9; the reverse primer 5Ј-TCTTC (A͞ G)AT (A͞G)TA (A͞G)GA (A͞G)GCTT-3Ј corresponded to residues 22-27. The 50 l reactions contained Ϸ10 8 pfu in 5 l SM buffer, 2.5 U Taq polymerase (Boehringer Mannheim), 10 mM Tris⅐HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 250 M each dNTP, and 1 M each primer; 30 cycles of 94°for 30 s, 55°for 30 s, and 72°for 30 s were performed. The expected product was cloned into pCRII (Invitrogen) and its identity confirmed by sequencing (Applied Biosystems).
Isolation of Total RNA and Northern and Slot-Blot Analysis. Total RNA was isolated as described (27) . RNA samples were normalized for poly(A) ϩ content following the methods of Fornance and coworkers (33, 34) as modified by Farrell (35) . Northern blot analyses were performed as described by Farrell (35) . For slot-blot analysis, total RNA was denatured with 3 volumes of 6.15 M formaldehyde and 10ϫ SSPE and heated at 67°C for 15 min. Samples were transferred to nylon membranes using a vacuum manifold and cross-linked using 150 mJ UV light (Stratalinker, Bio-Rad). Blots were hybridized overnight in 5ϫ SSPE, 50% formamide, 0.1% SDS, 5ϫ Denhardt's solution, and 100 g͞ml denatured salmon sperm DNA at a probe concentration of Ϸ5 ϫ 10 6 cpm͞ml. Specific gene probes were generated using gel-purified DNA fragments from the following sources: for histone H4, an EcoRI-HindIII fragment from plasmid pGB 508.8 (36) (gift of M. Gorovsky); for CyP, two PstI fragments from plasmid pBC11 (37) (gift of K. Karrer, Marquette University); for GRL1, an EcoRI fragment of GRL1 cDNA (27) ; for green fluorescent protein (GFP), GFP cDNA amplified using the PCR conditions described below. Probes were labeled by random priming (38) with [ 32 P]dTTP and randomly generated hexamers (Pharmacia). A GRL4 cDNA probe was labeled by incorporation of [ 32 P]dTTP by PCR, as described (39), using conditions as above.
GFP Constructs. The replicative plasmid pH4T2-3, based on the endogenous rDNA chromosome (24), was modified for expression of GFP. First, PCR was used to create a copy of the histone H4-I promoter (H4) and ␤-tubulin (BTU) transcription terminator flanking a unique EcoRI site. This H4͞BTU cassette (generously provided by N. D. Chilcoat, University of Chicago) was derived from plasmid p4T2-1 (gift of J. Gaertig, University of Georgia, Athens) (24) . A NotI fragment containing the H4͞BTU cassette was inserted into pH4T2-3 to create pNRC.EC. A GFP variant, mut3b (Ser-65 3 Gly, Ser-72 3 Ala), was chosen to take advantage of its higher fluorescence intensity and faster folding relative to the wild-type Aequorea victoria GFP (40) (kindly provided by W. Buikema, University of Chicago). GFP mut3b cDNA was first amplified by PCR using pfu polymerase (Stratagene) following the supplier's conditions. For correct expression of GFP in Tetrahymena, two primer-incorporated changes were introduced into the GFP cDNA. The original TAA stop codon was changed to the unique Tetrahymena stop codon, TGA, and the nucleotide at position Ϫ1 (relative to the start of translation) was changed to match the consensus found at the translational start sites of most Tetrahymena genes (41) . This modified GFP cDNA (GFP1) was cloned into the EcoRI site of pBluescript (Stratagene), and its sequence was confirmed. The EcoRI fragment containing GFP1 was inserted into pNRC.EC to create the construct pH4.GFP1 (shown in Fig. 6A ). Two additional GFP1 constructs were derived from this plasmid: p⌬H4.GFP1 was made by removal of the EcoRV fragment of pH4.GFP1 containing the H4 promoter, and pGRL1.GFP1 was made by the insertion of a 1.2-kb BsmI-HindII fragment containing the GRL1 upstream sequence (27) into the EcoRV site of p⌬H4.GFP1.
Transformation of Tetrahymena. Replicative transformants were obtained as described (24) . Mating pairs of B2086 and CU428.1 were electroporated using the ECM 600 (BTX, San Diego) with 25 g of purified plasmid DNA (Plasmid Maxi Kit, Qiagen, Chatsworth, CA). Paromomycin was added at 120 g͞ml 6 h following electroporation. After 5-7 days, cells were inoculated in drug-containing medium, grown to a high density, and then maintained as tube stocks.
Immunof luorescence. Cells were stained using the monoclonal antibody 4D11 (gift of Marlo Nelson and Joseph Frankel, University of Iowa), which recognizes an 80-kDa protein present in the DCG matrix (22) . Confocal images were collected with a Zeiss LSM 4 laser scanning microscope, courtesy of Susan Lindquist (University of Chicago). GFP autofluorescence was visualized using an epifluorescence microscope fitted with a standard fluorescein filter.
RESULTS
Exocytosis and Replacement of Secretory Granules in Tetrahymena. Tetrahymena DCGs, called mucocysts, are positioned at regularly spaced sites along the plasma membrane (42) and form a periodic array when visualized by indirect immunofluorescence (22) (Fig. 1, prestimulation) . The immunofluorescent staining of DCGs provides a convenient method to monitor granule exocytosis and replacement. Immediately following stimulation, the granule staining pattern disappeared (Fig. 1, 0 min poststimulation) , indicating rapid and extensive exocytosis of docked DCGs. By 60 min poststimulation, cells contained a small number of granules (Fig. 1, 60  min post-) . The number of granules increased for Ϸ240 min, when cells appeared to be completely regranulated (Fig. 1, 240  min post-) . These experiments were done with starved cells, which show optimal stimulation (21) . Such starved cells are viable, though translationally repressed (43) . That a new set of DCGs could be synthesized within this brief time suggested that regranulation was activated, either directly or indirectly, by secretagogue treatment.
Expression of DCG-Related mRNAs During Regranulation. Two genes were monitored as indicators of the DCG biosyn-thetic pathway. GRL1 and GRL4 encode DCG matrix proteins that are secreted during exocytosis. As in Fig. 1 , cells were stimulated with secretagogue and allowed to recover. Total RNA was prepared from cultures before and after stimulation, and transcript levels were measured.
GRL1 transcript was readily detected in growing cells, becoming slightly less abundant in cells starved for 16 h (Fig.  2A) . Following stimulation, the transcript rapidly accumulated to peak within 60 min, and then returned to prestimulation levels by Ϸ360 min poststimulation (data not shown). The GRL4 gene showed a similar pattern of expression (Fig. 2 A) . The GRL1 transcript peak at 60 min was Ϸ8-to 10-fold relative to prestimulation levels (Fig. 2B) , whereas that for GRL4 was Ϸ12-fold.
The increased mRNA levels seen for GRL1 and GRL4 were specific and not seen in genes unrelated to DCG function. Both CyP, a starvation-induced cysteine protease (44, 45) , and histone H4 showed patterns of transcript regulation different from those of the DCG proteins. CyP mRNA was undetectable in growing cells, but it rapidly accumulated when cells were starved (Fig. 2 A) . Transcript abundance rapidly decreased following secretagogue treatment and then showed a second peak of accumulation during the later recovery time points. Transcript for histone H4 decreased with the onset of starvation and remained relatively stable for the duration of the experiment. These results demonstrate that at least two DCG matrix proteins show increased transcript abundance following exocytosis, consistent with the specific activation of a DCG biosynthetic pathway.
exo
؊ Mutants Do Not Exhibit GRL1 mRNA Accumulation Following Stimulation. To ask whether stimulation and gene induction could be uncoupled, we monitored mRNA accumulation in exo Ϫ mutants. Mutants with defects at three distinct stages of the regulated exocytosis pathway were chosen to minimize the possibility of being misled by nonspecific defects in signal generation. SB281 fails to accumulate either mature DCGs or recognizable precursors (30) (Fig. 3A) . MN173 synthesizes DCGs which, however, do not dock at the plasma membrane (27) . The immunofluorescence pattern reflects the accumulation of cytoplasmic granules (Fig. 3B ). MN175 shows a normal pattern of docked DCGs, but these do not undergo exocytosis in response to stimulation with either Alcian blue or another secretagogue, dibucaine (data not shown) (Fig. 3C) .
Using these mutants, we asked whether exposure to secretagogue in the absence of exocytosis could induce transcript accumulation of GRL1 or GRL4. None of these strains showed any quantitative (Fig. 4 A and B) accumulation of GRL1 or GRL4 (data not shown) transcript following stimulation. The expression patterns of CyP and histone H4 were unchanged, suggesting that the changes in the mutants were specific for the DCG-associated proteins (data not shown). These results indicate that secretagogue exposure is not sufficient to generate specific gene activation.
A Genomic Region Upstream of GRL1 Functions as an Inducible Promoter Element in Vivo.
We asked whether the upstream genomic region of GRL1 could direct inducible expression of a linked ORF. A modified variant of GFP, called GFP1, was used as a heterologous marker. The GFP1 coding region was inserted 3Ј to the 1200-bp genomic region that is immediately upstream of GRL1, which could therefore serve as a potential promoter element. Two other constructs were made in which GFP1 was linked downstream to either (i) the 300-bp upstream element from the T. thermophila histone H4-I gene [which is a functional promoter (46)], or (ii) a 300-bp region of the plasmid backbone. These constructs, inserted in a replicative vector, are shown in Fig. 6A . Wild-type Tetrahymena were transformed with each of these constructs, and the GFP1 expression patterns were observed.
GFP autofluorescence was evident in growing cultures of cells harboring the GFP1 construct driven from the H4 promoter (Fig. 5) . GFP expression has not previously been reported in Tetrahymena, and our results indicate it will be a useful marker in this organism. GFP autofluorescence dimin- ished when cells were transferred to starvation buffer in preparation for the stimulation regimen (data not shown). This was expected, because endogenous histone H4 expression is sharply reduced under similar conditions (47) . It was, however, still possible to detect and measure promoter activity by the accumulation of the GFP1 transcript.
Northern blots probed with GFP1 cDNA revealed an Ϸ900-bp GFP1 transcript in transformants harboring the GFP1 construct driven from the histone H4 promoter (Fig.  6B ). This transcript was most abundant in growing cultures and was sharply reduced in starved cells or in cells during regranulation, similar to the expression pattern of the endogenous histone H4 gene (Fig. 2 A) . Transformants harboring the GFP1 construct downstream of the 300-bp plasmid backbone sequence showed no detectable GFP1 mRNA at any time.
Analysis of strains transformed with the GFP1 construct linked to the putative GRL1 promoter showed a pattern of GFP1 transcript accumulation similar to that of the endogenous GRL1 gene, though the absolute level of transcript was lower (Fig. 6B) . A faint GFP1 band was present in growing cells and disappeared during starvation. At 1 h poststimulation, a strong GFP1 transcript appeared and persisted up to 4 h poststimulation. These results indicate that the 1.2-kb genomic sequence upstream of GRL1 can function in vivo to confer qualitatively similar patterns of transcript accumulation as is seen for the endogenous gene, and therefore constitutes an exocytosis-inducible promoter.
DISCUSSION
We observed rapid replacement of secreted DCGs in starved cultures of Tetrahymena. Bulk protein synthesis in such cells is Ͻ1% of that in growing cultures (43) . The speed and extent of regranulation suggested that a period of accelerated DCG synthesis might involve the coordinated induction of granulerelated genes, as has been seen in other systems (48) . Indeed, the transcripts encoding two granule matrix proteins, Grl1p and Grl4p, increased Ϸ10-fold in abundance within 1 h after stimulation, and decreased to prestimulation levels following regranulation. The results imply that genes encoding all of the granule contents, which together form a well-ordered matrix (27) , are likely to be similarly induced. By screening for mRNAs induced after complete exocytosis, we have identified a large set that show expression patterns similar to GRL1 and GRL4 (A.H., unpublished data). From a mechanistic perspective, the phenomena of synchronized exocytosis and rapid regranulation in these cells allows for examination of the coupling of these events.
Transcriptional activation appears to be a common regulatory feature of Tetrahymena (49) . The increased abundance of GRL1 mRNA is accounted for at least in part by this mechanism, as shown by the ability of a GRL1 promoter region to direct GFP1 transcription following exocytotic stimulation. Under these conditions GFP1 message levels were low and protein autofluorescence was undetectable. In contrast, GFP autofluorescence was readily visible in growing cells expressing GFP1 driven by the histone H4 promoter, in which much higher levels of GFP1 mRNA were present.
A major question addressed in this paper is whether cells blocked in exocytosis would undergo transcriptional induction following exposure to secretagogue. In three exo Ϫ mutants, stimulation uncoupled from exocytosis was not sufficient to induce gene expression. These mutants were generated by nitrosoguanidine mutagenesis, and the precise lesions are unknown. However, they are unlikely to involve plasma membrane signal transduction itself. SB281 makes no visible granules and maps as a single recessive mutation (20) . MN173 accumulates cytoplasmic granules, and these undergo efficient docking shortly after mutants are conjugated with wild-type cells, when a cytoplasmic bridge is established between the pair (A.P.T., unpublished data). This finding suggests that the defect lies in a cytoplasmic docking factor. MN175 shows accumulation of docked granules that do not respond to stimulation, one of nine Tetrahymena mutants with this phenotype (A.P.T., unpublished data). Unlike the other eight, MN175 granules do not undergo exocytosis even when cells are stimulated with dibucaine, which is believed to raise directly the level of cytosolic calcium by membrane disruption. Because elevation of intracellular calcium, in ciliates as in other regulated secretory cells, can trigger exocytosis (50) , this argues that the MN175 defect lies downstream to signal transduction.
A simple hypothesis to explain our results is that transcription induction in Tetrahymena depends upon signals generated, directly or indirectly, by the exocytotic event. This may be different from mammalian cells, for which results discussed earlier have suggested uncoupling of exocytosis and related gene induction. Relative to that of cells within a tissue, a unicell's environment is inherently unstable. The exocytotic stimuli for unicellular organisms may be directly generated by environmental variations such as temperature and osmotic strength, as well as by interactions with other organisms. Because such environmental stimuli can affect many pathways simultaneously, a unicell's transcriptional response during a recovery period may be more economically tuned to the consequences of the stimulus, rather than to the stimulus itself. For a putative promoter, pH4.GFP1 utilizes the 300-bp histone H4-I promoter; pGRL1.GFP1 utilizes the 1200-bp genomic fragment upstream of GRL1; p⌬H4.GFP1 utilizes a 300-bp fragment of the plasmid backbone (denoted by ‫.)ء‬ (B) Transformants bearing each of the three constructs were starved, stimulated, and followed during recovery. Total RNA was prepared at several time points, as in Fig. 4 . Northern blot analyses of samples normalized for poly(A) ϩ RNA were probed with 32 P-labeled GFP1 cDNA. To the left of each blot is a diagram of the GFP1 locus designating each of the three reporter constructs. The size of the GFP1 mRNA is Ϸ900 bp.
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